We report spin-current generation related with skyrmion dynamics resonantly excited by a microwave in a helimagnetic insulator Cu 2 OSeO 3 . A Pt layer was fabricated on Cu 2 OSeO 3 and voltage in the Pt layer was measured upon magnetic resonance of Cu 2 OSeO 3 to electrically detect injected spin currents via the inverse spin Hall effect (ISHE) in Pt. We found that ISHE-induced electromotive forces appear in the skyrmion phase of Cu 2 OSeO 3 as well as in the ferrimagnetic phase, which shows that magnetic skyrmions can contribute to the spin pumping effect. * Electronic address: daichi.kinken@imr.tohoku.ac.jp
I. INTRODUCTION
A magnetic skyrmion, a nano-scale vortex-like spin texture in the real space, has attracted much attention in condensed matter physics. [1, 2] Figure 1 (a) illustrates a magnetic skyrmion. Magnetic moments point downward at the center of the skyrmion and upward along the periphery; intermediate magnetic moments vary their directions continuously such that the moments wrap the whole solid angle at the center. The skyrmion's diameter is typically 10 to 100 nm and the magnetic skyrmion has been usually observed in a crystalline form (the skyrmion crystal). [3] [4] [5] [6] Since the skyrmion's spin configuration possesses the scalar spin chirality, [1] topological phenomena appear in the Hall effect, [7] [8] [9] [10] [11] [12] which is formulated by introducing an emergent electromagnetic field. [1, [7] [8] [9] [10] [11] [12] Besides its rich physics, the skyrmion has potential for applications especially in spintronics. Unique properties of the skyrmion, i.e., particle-like nanostructure and topological stability, are highly promising for novel spintronic devices such as information storage or logic devices. [1, 2] The skyrmion is also appealing as an efficient information carrier; in fact, recent experiments showed that magnetic skyrmions can be moved by electric current at low energy costs. [12] [13] [14] In spite of the skyrmion's potential for spintronic applications, few studies have investigated skyrmions in terms of the pure spin current physics. A pure spin current refers to a flow of spin angular momentum with no charge currents; its understanding and control are central issues of spintronics. [15] If the pure spin current can be generated from magnetic skyrmions, the generation should be interesting for basic research and would be a step forward in skyrmionic devices as well. Here, we experimentally demonstrate spin-current generation from a resonantly driven skyrmion motion in a helimagnetic insulator Cu 2 OSeO 3 .
Using a Cu 2 OSeO 3 /Pt two-layer structure, we show that spin angular momentum transfers from the skyrmion crystal in Cu 2 OSeO 3 to conduction electrons in Pt via the spin pumping effect. [16] [17] [18] The injected spin current is electrically detected in Pt via the inverse spin Hall effect (ISHE), [19] [20] [21] [22] [23] [24] which converts a spin current into a transverse electromotive force E SHE via large spin-orbit interaction of Pt [ Fig. 1(b) ]. E SHE is given by [20] 
when a spin current carries the spin polarization σ in the spatial direction J s .
We used Cu 2 OSeO 3 for this work because the high-insulating property of Cu 2 OSeO 3 enables electric detection of spin currents free from galvanomagnetic contamination. [25] The skyrmion crystal in Cu 2 OSeO 3 has been observed by Lorentz transmission electron microscopy [6] and neutron diffraction measurements. [26, 27] The helimagnetic ordering temperature is approximately 60 K and a helical spin structure is stabilized by the Fig. 1(c) ]. Applied microwaves were set at 10 mW. The used Cu 2 OSeO 3 sample was of column shape and 1.5 mm across and 0.5 mm high. The spin-pumping measurement was performed in a cryogenic probe station, where the sample was cooled by attaching the bottom of a sample holder to a cold head. A system temperature was measured with a thermometer near the cold head; the sample temperature appeared higher than the system temperature by about 5 K in the present study.
III. RESULTS AND DISCUSSION
The prepared Cu 2 OSeO 3 single crystals were characterized by measuring M. Since the resonance frequency decreases with decreasing a magnetic field, the microwave absorption is attributed to a ferrimagnetic resonance of Cu 2 OSeO 3 . Below 54 mT, two dips appear and their resonance frequencies increase with decreasing a magnetic field. The field dependence of the resonance frequencies is attributed to a helimagnetic phase induced by the Dzyaloshinskii-Moriya interaction. [32, 33] Note that the two dips in the helimagnetic phase correspond to two spin-wave modes. [32] [33] [34] Figure 3 (c) summarizes field dependence of resonance frequencies at 45 K.
We observed magnetic resonances of the skyrmion crystal between 47 K and 51 K. summarizes field dependence of resonance frequencies at 50 K. While helimagnetic and ferrimagnetic modes appear both at 45 K and at 50 K, the new resonance mode appears at 50 K only, as highlighted by the shading of Fig. 3(d) . Its resonance frequency is lower than those of the other modes and monotonically increases with increasing a magnetic field. This magnetic-field dependence obviously differs from that of helimagnetic modes. Moreover, the new magnetic excitation occurs in a restricted window of magnetic fields. These results strongly indicate that magnetic excitations near 1.5 GHz originate from a collective motion of the skyrmion crystal. According to preceding studies on magnetic resonance of skyrmion crystals, [33, 35, 36] the newly observed mode is attributed to a counterclockwise rotation of magnetic skyrmions, in which skyrmion's core rotates counterclockwise. Note that the excitation observed around 2 GHz in the skyrmion-crystal phase is due to either a clockwise rotation of skyrmions [38] or magnetic resonance of remnant helimagnetic states [3, 33] ; the origin of this excitation was unidentified in this experiment. Accordingly, we confine ourselves to the counterclockwise skyrmion motion to investigate the spin pumping effect. K). This observation is consistent with a phase diagram determined by measurements of ac magnetic susceptibility, [6, 33] although error bars for H c1 and H c2 are rather large because of small skyrmion excitations around H c1 and H c2 . Note again that the skyrmion-crystal phase was observed at T lower than those reported elsewhere [6, 26, 27] because in the present setup we could not attach the thermometer directly to the sample as mentioned in the method part.
We demonstrate spin-current generation by measuring ISHE-induced electromotive forces in Pt at 50 K. We first investigated the ferrimagnetic spin pumping at 66 mT [point A in Fig. 4(a) ]. We numerically calculated spin currents related with skyrmion dynamics to demonstrate theoretically that the counterclockwise skyrmion motion can contribute to the spin pumping effect. The dynamics of local magnetizations M(r, t) were simulated with the LandauLifshitz-Gilbert (LLG) equation [36, 40] for a single skyrmion on a two-dimensional square lattice in the x-y plane. The used Hamiltonian is
where J = 3.9 meV and D = 0.5J are coupling constants of ferromagnetic interaction and Dzyaloshinskii-Moriya interaction, respectively, and H = Hẑ is a static magnetic field in the z direction, i.e., perpendicular to the square lattice. The system size was 41 × 41 sites.
The parameters used for the LLG equation were: the gyromagnetic ratio γ = 1.76 × 10 Spin currents generated at the edge, y = 0, were calculated. (i) Time evolution of generated spin currents J s z for the skyrmion phase (blue dashed curve) and a microwave magnetic field divided by a static magnetic field h/H (black solid curve). The red line represents the magnitude of a time-averaged spin current J s z .
